J. Phys. Chem. R002,106,1933-1937 1933
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Using high time resolution Q-band EPR we have been able to identify three different radical pairs generated
by pulsed laser excitation of the fixed distance triad consisting of a zinc-9-desoxo-meso-methylpyrochloro-
phyllide donor (ZC), a pyromellitimide primary acceptor (Pl), and a naphthalene-1,8:4,5-diimide secondary
acceptor (NI), i.e., ZEPI—NI, orientedin a liquid crystal. Analysis of the transient EPR spectra provides
direct evidence for sequential electron transfer from the primary to the secondary radical pair of the triplet
channel. At room temperature, this process occurs with an exponential time constant060 + 1 ns. In

the singlet-initiated channel, the intramolecular electron-transfer rates are too fast for direct EPR detection.
Thus, even the secondary singlet radical pair fZINI*~]s is formed instantaneously on the time scale of

the EPR experiment. The species decays with a time constagizef 36 + 1 ns by charge recombination

to the singlet ground state. The time evolution of the transverse magnetization exhibits fast initial oscillations,
which disappear 50 ns after the laser pulse. Model calculations indicate that these oscillations can be assigned
to zero quantum electron precessians[ZC**PINI*~]s. Thus, for the first timeguantum beathave been
observed from a spin-correlated radical pair, oriented in a liquid crystal.

. Introduction reaction centefé€11 and in a model systeth under slow-
motional conditions, where anisotropic magnetic interactions

It is well established that the light-induced charge separation domi
ominate.

and the sequential electron transfer in the photosynthetic . . ies. liqui |
apparatus proceed via spin-correlated radical pairs as short-lived As v%/als d?amonstrated I|n.preV|ous stu(;jle_s, |(c11wd crystals are
intermediate$=3 In natural photosynthesis, these correlated POWeMNulso vents not only In accommodating dorepaces-

radical pairs are created in a singlet state, determined by theBCCepLor systems .bUt also in maintaining the fluid and order
spin multiplicity of the primary donor, i.e., the “special paf”. properties over a wide range of temperatures. Moreover, because
Generally, such a singlet radical pair is formed with spin- the liquid crystals attenuate the intramolecular electron-transfer

correlated populations of only one-half of the eigenstates, which rates subs_tantially,_ itis ev?dent that by employing time-resolved
gives rise to high electron spin polarizatidhMoreover, there EPR details associated with the intramolecular electron transfer
are coherences between the eigenstates of the correlated radic§n Pe observed and extracted from the EPR spéttra.
pair, which can manifest themselvesqasmntum beati a time- We report here on the first observation of quantum beats from
resolved EPR experiment with adequate time resol(iidf. a correlated radical pair in a photosynthetic modeigntedin
Attempts to mimic natural photosynthesis by molecular design 2 liquid crystal, i.e., the nematic phase of E¥7he triad, ZC-
and architecture of model systems have not been fully ac- PI—NI, consists of a chlorophyll-like electron donor, zinc chlorin
complished yet. In all cases that were studied, both the singlet(ZC). covalently linked to two electron acceptors with different
and triplet were found to initiate in parallel the intramolecular "eduction potentials, i.e., pyromellitimide (Pl) and 1,8:4,5-
electron transfer to produce the correlated radical pairs. The Naphthalenediimide (NI) (Figure 1B)Although this molecular
scheme in Figure 1a depicts the various processes involved. System was extensively studied by time-resolved EPR, the
A characteristic feature, typical of long-range intramolecular important _features, namely,_the detailed genesis of the correlated
electron transfer. i.e>12 A distance. is the occurrence of radical pairs and the associated coherence phenomena, escaped
coherence effects, which lead to fast initial oscillations in the detection because of relatively low time resolution.
transverse magnetization of the correlated radical 3a#rSo .
far, these quantum beats have been observed in photosynthetitl. Experiments and Methods

T Part of the special issue “Noboru Mataga Festschrift”. Sa_lmp_le 1areparat|_on was discussed in detail in a recent
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Figure 2. Transient Q-band EPR line shapes of light-induced radical
pairs in the partially oriented triad, Z€P1—NI, at various times after
PI NI the laser pulse. Positive and negative signals indicate absorptive and
Figure 1. (a) Photoexcited and radical pair states of the triad and €Missive polarizations, resp_ectlvely. Microwave fiedd = 0.061 mT.
relevant interconversion pathways. The energies of the various stategMicrowave fr_equency(,ulzyzl_ 34.0450 GHzT = 295 K. The solvent
have been estimated from EPR spectroscopic data in liquid crystals'S the nematic phase of E¥Various field positions are marked from
and from electrochemical data in polar isotropic solvéhtgb) Ato F. 'I_'he time evolutl_on c_>f the transverse magnetization at those
Molecular structure of the triad, Z€P1—NI, indicating the chlorophyll- field positions is shown in Figure 5.
like donor, ZC, and the two electron acceptors, Pl and NI.

The objective of this study is the characterization of the
various radical pair intermediates in the photoexcited triad. To
achieve this goal, a solution of the triad in the nematic phase
of E-7 was irradiated with short laser pulses and the time
. o ; ; evolution of the transverse magnetization was monitored at
against Li:LiF (Institute of Crystallography, Moscow), which 4riq 5 static magnetic fields. Generally, a complete EPR data
IS a.gopd standard .for Iow-tgmperature measurenté@ptical set consists of transient signals taken at equidistant field points
excitation was carried out with an OPO system (OPTA GmbH), covering the total spectral width. This yields a two-dimensional
pumped by a Nd:YAG laser (Spectra PhyS|_cs Quanta R?‘V GCR\ariation of the signal intensity with respect to both the magnetic
190-10) at a wavelength of 640 nm and with a pulse width of g1 and the time axis. Transient spectra can be extracted from
2.5 ns. qu the actual experiment, the intensity was attenuatedp;q plot at any time after the laser pulse as slices parallel to
to approximately 3 mJ/pulse. To avoid photoselection, the laser i, magnetic field axis. Likewise, the time evolution of the
beam was passed through a quartz depolarizer. The repetitiony ,,q\erse magnetization may be obtained for any given field
rate of tr.'e. Ig§er was 10 Hz. A transient recorder (LeCroy 9354A) as a slice along the time axis. In the following, transient spectra
with a digitizing rate of 2 ns/11 bit sample was used to acquire 4.4 time profiles are discussed separately.

the fime qepelnd‘fgggiR S'Q”at" To eliminate thle t|a§,er tbac#' Typical EPR line shapes, observed 10, 30, 50, 70, 90, 110,
ground signa, ransients were accumulated at ot o, "550 ng after the laser pulse, are shown in Figure 2. The

resonance conditions and subtracted from those ON-resONANCEy o 4 refer to a microwave frequencys®r = 34.0450 GHz

A\(vea_k zinc chlorin triplet signal, superimpqsed on the radipal (O-band), a microwave field a8 = 0.061 mT andT = 295
pair signal, was subtracted by using a linear interpolation K. Note that a positive signal indicates absorptive (a) and a
procedure. negative emissive (e) spin polarization. Evidently, the very early
spectra (10 and 30 ns) are much broader than the later ones,
which we attribute to lifetime broadening. Moreover, the spectral
We show in Figure 1a the photoexcited and radical pair statesshape changes drastically with time, indicating at least three
of the triad and the relevant interconversion pathways. The different short-lived radical pairs. The central part of the 50 ns
energies of these states have been estimated from EPRspectrum with an e/a polarization pattern is attributed to the
spectroscopic data in liquid crystals and from electrochemical secondary radical pair, [2CPINI*"]s, of the singlet route.
data in polar isotropic solvert$éNotably, there are two different ~ Support for this assignment comes from time-resolved EPR
routes of producing the secondary radical pairs,* [FINI*"]s spectra taken with photoexcitation at 535 nm, which predomi-
and [ZC*PINI*-]1, namely, the singlet and the triplet intramo- nantly display photoproducts from the singlet channel (results
lecular electron-transfer path. In both routes, we have included not shown).
the primary radical pairs, [ZEPIF~NI]s and [ZC*PI'~NI]T, Closer inspection of the wings of the 50 ns line shape
which in principle might be observable by high time resolution indicates an additional spectrum ofL.6 mT width exhibiting
EPR due to the increased lifetime in a liquid crystalline maftix.  an a/e polarization pattern. The characteristics of this spectrum,

proximately 700, which corresponds to a bandwidth of 50 MHz.
The time resolution of the experimental setup is in the 10 ns
range. A frequency counter (HP 5352 B) was used to monitor
the microwave frequency. The magnetic field was calibrated

Ill. Results and Discussion
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Figure 3. Transient Q-band EPR spectra of various light-induced P €
radical pairs formed during sequential electron transfer in the partially
oriented triad, ZCG-PI—-NI. Positive and negative signals indicate L L L L

absorptive and emissive polarizations, respectively. Other experimental 1212 1214 1216 1218

parameters are as in Figure 2. (a) EPR spectrum of the secondary radical B /mT

pair, [ZC*PINI*7], in the triplet channel. (b) EPR spectrum of the 0

secondary radical pair, [2ZEPINI*"]s, in the singlet channel. (c) Full  Figure 4. Transient Q-band EPR line shapes of light-induced radical

line: EPR spectrum observed for the photoexcited diad; ZCDashed pairs in the partially oriented triad, Z€P1—NlI, at various times after
line: EPR spectrum of the primary radical pair, [ZEI""NI], in the the laser pulse. Positive and negative signals indicate absorptive and
triplet channel. emissive polarizations, respectively. Other experimental parameters are

as in Figure 2. Full lines: experimental line shapes. Dashed lines:
calculated line shapes, using the kinetic model for the formation and

most clearly visible 70 ns after the laser pulse, are consistentdecay of the radical pairs, i.e., [Z®PF"NI]y, [ZC*PINI*]y, and

with those observed for the photoexcited diad,~Z, sug- ZC*PINI*"]s. The kinetic parameters are listed in Table 1.

gesting an assignment to the primary radical pair,"{22~Nl],

of the triplet route. Note, however, that the 70 ns EPR spectrum where the time dependence of the spectral amplitudes is given

further evolves in time, resulting in a narrow a/e spectrum of 1 py

mT width at 250 ns, which we assign to the secondary radical

pair, [ZC*PINI*"]t, of the triplet channel. Aprrdt) = Aprrd0) expttity ,) )
Thus, except for the late EPR spectrum at 250 ns, all other

spectra are admixtures of three different radical pairs, i.e., they ly,

contain spectral contributions from the primary triplet radical Astrdl) = APTRF(O)W[eXp(_UTT,Z) -

pair [ZC*PI*"NI] 1, secondary triplet radical pair [ZCPINI*~]T, T3 e

and secondary singlet radical pair [Z@INI**]s. Because the exp-trr )] (3)
EPR spectra of the latter two radical pairs result from the same
species but different precursors, they should differ from each Assrdt) = Assrid0) exp-tirg 5 (4)

other only by exhibiting opposite phasésTherefore, one can

invert the experimental 250 ns EPR spectrum (Figure 3a) and Here zr, = 1lkrz andts3 = 1/ksz are exponential time
safely assign it to the spectrum of the corresponding singlet constants associated with the formation and the decay of
radical pair (Figure 3b). As will be discussed below, the two particular radical pairs andr s is an electron spin relaxation
radical pair spectra cancel each other at a particular point in time. Values forr 3, 75,3 andzr 3 have been obtained by fitting
time, thus, leaving only the EPR spectrum which we attribute the model function to the experimental EPR line shapes observed
to the primary radical pair of the triplet channel. Indeed, the In the time range from 40 to 250 ns. The result of such a
polarization and width of this spectrum fits fairly well with the ~computer fit, in whichferre(Bo) was approximated by the

spectrum of the photoexcited diad, Z€1,14 depicted in Figure spectrum of the photoexcited diad, is shown in Figure 4.
3¢ (solid line). Generally, the calculated EPR line shapes (dashed lines)

: ) compare favorably with their experimental counterparts (solid
The above analysis suggests that the observed EPR line Shapeﬁ'nes). Thus, we conclude that the kinetic model used in the
f(Bo,t), can be described as a time-dependent superposition Ofanalysis is basically correct.
three radical pair spectra denoted fyre(Bo), fstrd(Bo), and Table 1 summarizes the parameter values obtained from the
fssri{Bo). Here the indices indicate the primary triplet radical it |n the triplet initiated route, intramolecular electron transfer
pair, the secondary triplet radical pair, and the secondary singletpetween the primary and secondary radical pair occurs with a
radical pair, respectively. Using the kinetic scheme, introduced tjme constant of 56 1 ns. Evidently, high time resolution is

in Figure 1a, the following model function is derived: required to characterize this process. To our knowledge, such a
short electron transfer time has not previously been determined
f(Bo,t) = Aprel) forrdBo) T Astret) fstrdBo) + by EPR. Monitoring this fast intramolecular electron transfer
— rocess enabled us to assign the late experimental EPR spectrum
Assrlt) fssrdBo) = [Astrel) — Assri?)] fsrre(Bo) + b

exclusively to [ZCPINI*"]1. As to the identification of the
Aprrdt) forrdBo) (1) primary radical pair, formed in the triplet channel, the assign-
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TABLE 1: Kinetic Parameters Obtained from the Analysis ' i ‘ '
of Transient Q-Band EPR Spectra of Light-Induced Singlet a x4 A
and Triplet Radical Pairs in the Partially Oriented Triad 2 ][

time constants assignment

e
Tr2 50+1ns Electron transfer between triplet radical gairs a
7r3 1.1+0.1us Relaxation time of secondary triplet radical pair
sz 36+ 1ns Charge recombination of secondary singlet

radical paif {

aThe underlying kinetic model is shown in Figure fdntramo-
lecular electron transfer between primary and secondary triplet radical
pair. ¢ Charge recombination to the singlet ground state. X"

ment can be tested using the kinetic model. Inspection of eq 1
reveals that the EPR spectrum of [Z@INI*"]t vanishes
completely at a particular point in time. Here the spectral

contributions of both secondary radical pairs cancel each other,
thus, leaving only the EPR spectrum of the primary radical pair,

[ZC*PINI] T, of the triplet channel. Evaluating this point in J\AW
time on the basis of the parameters of Table 1 yiels57 ns. ]

The superimposed dashed line in Figure 3c corresponds to the ‘ . ) s . .
EPR spectrum deduced for [Z®I'~NI]+, which is roughly 0 50 100 150 0 50 100 150
close to that of the photoexcited diad, Z€I (solid line). The t/ns t/ns

apparent discrepancy between the two spectra is probably dudigure 5. Time evolution of the transverse magnetization of the light-

. YA — D e— induced singlet radical pair, [2ZCPINI*"]s, in the partially oriented
to the different spin distribution in [ZCPF~NI] and [ZC*PI"]. triad, ZC-PI—NI, immediately after the laser pulse. The transients refer

In the singlet-initiated channel (Figure 1a), the intramolecular to six different static magnetic fields (positions-#, Figure 2). Positive
electron transfer rates are too fast for direct EPR detection, evensignals indicate absorptive and negative emissive polarizations, respec-
in the liquid crystalline environment. Indeed, the very early tively. Other experimental parameters are as in Figure 2. Left column:
spectra exhibit lifetime broadening implying that the secondary experimental time profi_les. Right column: calculated time profiles,
radical pair, [ZC"PINI*]s, is formed instantaneously on the = Using the parameters given in Table 2.
time scale of the EPR experiment. This is in agreement with
optical data suggesting extremely fast intramolecular electron
transfer in the singlet chann¥ It is evident that even in the
liquid crystalline environment the formation rate of [ZBINI*"]s
escapes EPR detection. Only a decay time oft36 ns could

) —
y
SNy
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e
C
a
e
2 D
e
a x2 E
e
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e

tween neighboring eigenstates into transverse magnetization.
This gives the Torrey oscillatiod.Second, it converts the zero
guantum electron coherences into observable single quantum

be determined (Table 1). We assign this time constant to fastprecessions or quantum beats, observable in EPR experiments

charge recombination to the singlet ground state (Figure 161).Wlth adequate t|me_3 resoluﬂdﬁfu

Let us now discuss the time evolution of the transverse Under slow-motional conditions, the frequency of tero
magnetization, measured at six selected field positions takenduantum electron precessignszo, critically depends on the
symmetrically about the center position (Figure 5, left column). orientation,Q = (@, ©, W), of the radical pair in the laboratory
The transients refer to a microwave frequency @®r = frame, x, y, z. As shown previously;'®*?wzq is given by
34.0450 GHz, a microwave field &; = 0.061 mT, andl =
295 K. Evidently, there are fast initial oscillations which 2 , 2 ,
disappear 50 ns after the laser pulse. Notice that these oscilla?zo = (1) gD Q) — 23| +[(g1(Q) -
tions are most conspicuous at the two edges of the spectrum, 1o
corresponding to positions A and F. Fourier transformation of z 2z i z j 12
the time profiles yields oscillation frequencies from 30 to 50 % (Q)uaBo + ZA”‘(Q)M”‘ ZAZ'Z(Q)MZ'] } ®)
MHz. In view of previous studie§®12 we assign these
oscillations to quantum beats associated with the nonadiabatic

generation of the secondary radical pair, fZBINI*-]s, of the w= ol = Ly =y (6)
singlet channel.
If one assumes that the rotational correlation timeof the i _ _
IVIZI_IZI'IZI l""! I2I (7)

triad is slow, i.e.,tcAwgrp > 1, where Awgp denotes the

anisotropy of the magnetic interactions in the radical pair, it is

possible to analyze the EPR transients using a slow-motionalwhere D), Jex, g/(), us, Bo, and AﬁZ(Q) are thezz
model®211Generally, a photoinduced correlated radical pair is component of the dipolar coupling tensor, the strength of the
created with spin-correlated populations of only one-half of the isotropic exchange interaction, thecomponent of thg tensor
eigenstates and withero quantum electron coherenoetween of radicali, the Bohr magneton, the static magnetic field, and
these stated3512 |n the absence of a microwave field, the the secular part of the hyperfine interaction between nugleus
eigenstate populations are constant in time, whereas the zerand radicali, respectively. The wealB; field, commonly
guantum electron coherenée¥ oscillate at distinct frequencies, employed in transient EPR, allows for only a small range of
given by the energy separation of the corresponding eigen- orientations to meet the resonance condition. Consequently, we
states?11 The continuous microwave field, applied in transient expect the frequencies of the zero quantum electron precessions
EPR, has two effects. First, it converts the longitudinal to vary significantly with By across the EPR spectrum, as
magnetization associated with the population differences be- observed experimentally (Figure 5, left column).
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TABLE 2: Parameters Used in EPR Model Calculations for
the Light-Induced Singlet Radical Pair, ZC**PINI*~, in the
Partially Oriented Triad

gfacto? an(mT)® ay(MmT)P
zct 2.0027 0.29 (%) 0.21 (3x)
NI+~ 2.0031 0.10 (%) 0.19 (4x)
dipolar coupling; D (mT) —-0.48
spin—spin couplingt J (mT) 0.20
microwave frequencyw/2zr (GHz) 34.0450
microwave field,B; (mT) 0.061
decay timel 53 (ns) 36

inhomog. broadening\B, (MT) 0.15
orientational ordef A 4.5
order parametet S,z 0.6

2 Estimated values on the basis of published &ata.” Adapted from
X-band EPR studies of related radical id#8% ©The spin-spin

coupling parameters are estimates based on the molecular structure o,
the triad!?%4 9 The lifetime of the radical pair was determined in the

present study (see Table BEstimated values for the triad in E-7.

J. Phys. Chem. A, Vol. 106, No. 10, 200937

calculations. Evidently, the assignment of these oscillations to
zero quantum electron precessions in {ZRINI*"]s is correct.
Thus, for the first time, quantum beats have been observed from
a correlated radical pair, oriented in a liquid crystal. Further
studies along these lines are currently in progress.

IV. Conclusions

Light-induced quantum beat oscillations have been observed
for a correlated radical pair, oriented in a liquid crystal.
Compared to previous studies of this phenomenon, the use of
macroscopically aligned samples provides more precise infor-
mation on the spin dynamics of the short-lived intermediates
of photosynthesis. Therefore, a thorough study of these coher-
ences in well-aligned liquid crystals appears promising for the
elucidation of the mechanism of the primary events of photo-
Eynthesis.
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